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(57) ABSTRACT

A method of operating a shape sensing apparatus comprises
receiving lirst shape data from a first shape sensor section
including a first elongated optical fiber section extending
between a first location coupled to a reference fixture and a
second location coupled to a first target fixture. The method
turther comprises recerving second shape data from a second
shape sensor section including a second elongated optical
fiber section extending between a third location coupled to
the reference fixture and a fourth location coupled to the first
target fixture. The first and third locations are maintained in
a first known kinematic relationship, and the second and
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tourth locations are maintained 1n a second known kinematic
relationship. The method further comprises determining a
position of an end portion of the first shape sensor section
using the second shape data and using the first and second
known kinematic relationships.

19 Claims, 12 Drawing Sheets
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SHAPE SENSOR SYSTEMS WITH
REDUNDANT SENSING

CROSS-REFERENCE TO RELATED
APPLICATIONS D

This application claims the benefit of PCT Patent Appli-
cation PCT/US2014/048175 filed Jul. 25, 2014, which
claims benefit of U.S. Provisional Application 61/859,648
filed Jul. 29, 2013, which are incorporated by reference
herein 1n their entireties.
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FIELD

: . g 15
The present disclosure 1s directed to systems and methods

for using shape sensor systems to track anatomical targets
and/or mterventional istruments, and more particularly to
systems and methods using redundant shape sensors to
improve the accuracy of shape sensor systems. 20

BACKGROUND

Minimally invasive medical techniques are intended to
reduce the amount of tissue that 1s damaged during inter- -5
ventional procedures, thereby reducing patient recovery
time, discomfort, and deleterious side effects. To track the
location of anatomical targets, implanted devices, and/or
interventional mstruments (including surgical, diagnostic,
therapeutic, or biopsy instruments ) within a patient anatomy, 30
mimmally invasive sensor systems may be used. In existing,
systems, electro-magnetic (EM) navigation may be used to
track the movement of interventional instruments, implanted
devices, or targets in a patient anatomy. Although EM
navigation systems are useful for many procedures, they 35
may be subject to magnetic interference from other equip-
ment in the surgical suite. For example, a C-arm of a
fluoroscopic 1maging system or metal nstruments may
generate magnetic interference with EM navigation systems,
causing unacceptable errors in the tracking of an interven- 40
tional instrument. In other existing systems, optical fiber
shape sensor systems may be used to track the movement of
interventional instruments 1n a patient anatomy. Optical fiber
shape sensor systems monitor the strain at various points
along a single optical fiber to determine the shape of optical 45
fiber. From the shape of the single optical fiber, the pose
(position and orientation) of the various points along the
optical fiber can be derived. The error associated with the
derived poses for the various points along the single optical
fiber may increase with distance from the optical fiber 50
interrogator due to error accumulation. Improved navigation
systems and methods are needed for tracking interventional
instruments, 1mplanted devices, and anatomic targets in
surgical environments.

55
SUMMARY

The embodiments of the invention are summarized by the
claims that follow the description.

In one embodiment, a method of operating a shape 60
sensing apparatus comprising receiving first shape data from
a first shape sensor section including a first elongated optical
fiber extending between a {first location and a second loca-
tion. The method further comprises receiving second shape
data from a second shape sensor section including a second 65
clongated optical fiber extending between a third location
and a fourth location. The method further comprises deter-

2

mining a position of an end portion of the first shape sensor
section using the second shape data from the second shape

sensor section.

In another embodiment, a method of operating a shape
sensing apparatus comprises receiving shape data from a
first shape sensor. The first shape sensor includes a first
plurality of optical cores extending between a first section
and a second section of an elongated optical fiber. The
method also includes receiving shape data from a second
shape sensor. The second shape sensor including a second
plurality of optical cores extending between the first and
second sections of the elongated optical fiber. The method
turther includes determining a shape of the elongated optical
fiber between the first and second sections by combining the
shape data from the first and second shape sensors.

In another embodiment, a method of operating a shape
sensing apparatus comprises receiving first shape data from
a lirst shape sensor having a first portion coupled to a
reference fixture and a second portion coupled to a first
anatomic target. The method also includes receiving second
shape data from a second shape sensor having a first portion
coupled to the reference fixture and a second portion
coupled to the first anatomic target. The first portions of the
first and second shape sensors are maintained 1n a fixed
kinematic relationship, and the second portions of the first
and second shape sensors are maintained 1n a fixed kine-
matic relationship. The method also includes determining a
position of the second portion of the first shape sensor
section using the second shape data from the second shape
SENSOr.

In another embodiment, a method of operating a shape
sensing apparatus comprises receiving shape data from an
clongated shape sensor having a first portion coupled to a
reference fixture, a second portion coupled to an anatomic
target, and a third portion coupled to the reference fixture.
The first and third portions are maintained 1n a fixed Kkine-
matic relationship. The method further comprises determin-
ing a first shape of the elongated shape sensor between the
first and second portions, determining a second shape of the
clongated shape sensor between the first and second por-
tions, and determining a position of the second portion at
live anatomic target from the first and second shapes.

In another embodiment, a system comprises non-transi-
tory computer readable media containing computer execut-
able instructions for operating a shape sensing apparatus.
The instructions include instructions for receiving shape
data from a first shape sensor. The first shape sensor includes
a first plurality of optical cores extending between a first
section and a second section of an elongated optical fiber.
The mstructions also include mstructions for receiving shape
data from a second shape sensor. The second shape sensor
includes a second plurality of optical cores extending
between the first and second sections of the elongated
optical fiber. The instructions also include instructions for
determining a shape of the elongated optical fiber between
the first and second sections by combining the shape data
from the first and second shape sensors.

Additional aspects, features, and advantages of the pres-
ent disclosure will become apparent from the following
detailed description.

BRIEF DESCRIPTIONS OF THE DRAWINGS

Aspects of the present disclosure are best understood front
the following detailed description when read with the
accompanying figures. It 1s emphasized that, 1n accordance
with the standard practice in the industry, various features
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are not drawn to scale. In fact, the dimensions of the various
teatures may be arbitrarily increased or reduced for clarity of

discussion. In addition, the present disclosure may repeat
reference numerals and/or letters 1n the various examples.
This repetition 1s for the purpose of simplicity and clarity
and does not 1n 1tself dictate a relationship between the
various embodiments and/or configurations discussed.

FIG. 1 1s a sensor system 1n accordance with an embodi-
ment of the present disclosure.

FIG. 2 1s a multi-core optical fiber component of the
sensor system of FIG. 1.

FIG. 3 1s a cross-sectional view of the multi-core optical
fiber component of FIG. 2.

FIG. 4 illustrates a method of using a sensor system
according to an embodiment of the present disclosure.

FIG. 5 illustrates a method of using a sensor system
according to another embodiment of the present disclosure.

FIG. 6 1s a sensor system with a plurality of optical fiber
sensors 1n accordance with another embodiment of the
present disclosure.

FI1G. 7 1llustrates a method of using the sensor system of
FIG. 6.

FIG. 8 1s a sensor system with a single looped optical fiber
sensor 1n accordance with another embodiment of the pres-
ent disclosure.

FI1G. 9 1llustrates a method of using the sensor system of
FIG. 8.

FIGS. 10 and 11 1illustrate another method of using the
sensor system of FIG. 10.

FIG. 12 15 a sensor system with a plurality of optical fiber
sensors and an 1terventional mstrument 1n accordance with
another embodiment of the present disclosure.

FIG. 13 a method of using the sensor system of FIG. 12.

FIG. 14 1s a robotic interventional system, 1n accordance
with an embodiment of the present disclosure.

DETAILED DESCRIPTION

In the following detailed description of the aspects of the
invention, numerous specific details are set forth 1n order to
provide a thorough understanding of the disclosed embodi-
ments. However, 1t will be obvious to one skilled 1n the art
that the embodiments of this disclosure may be practiced
without these specific details. In other instances well known
methods, procedures, components, and circuits have not
been described 1n detail so as not to unnecessarily obscure
aspects of the embodiments of the invention. And, to avoid
needless descriptive repetition, one or more components or
actions described 1n accordance with one 1llustrative
embodiment can be used or omitted as applicable from other
illustrative embodiments.

The embodiments below will describe various devices
and portions of devices in terms of their state n three-
dimensional space. As used herein, the term “position”
refers to the location of an object or a portion of an object
in a three-dimensional space (e.g., three degrees of transla-
tional freedom along Cartesian X, Y, 7, coordinates). As
used herein, the term “orientation” refers to the rotational
placement of an object or a portion of an object (three
degrees of relational freedom—e.g., roll, pitch, and yaw). As
used herein, the term “pose” refers to the position of an
object or a portion of an object 1n at least one degree of
translational freedom and to the orientation of that object or
portion of the object in at least one degree of rotational
freedom (up to six total degrees of freedom). As used herein,
the term “shape” refers to a set of poses, positions, or
orientations measured along an elongated object.
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Retferring to FIG. 1, a sensor system for use in, for
example, surgical, diagnostic, therapeutic, biopsy, medical
monitoring, or medical evaluation 1s generally indicated by
the reference numeral 10. The sensor system 10 generally
includes an interrogation system 12; a reference fixture 14;
sensor devices 16, 18, 20; an interventional instrument 22;
a control system 24; a target fixture 26; and a sensor
processing and control system 27. In various embodiments,
one or more of these components of the sensor system may
be omitted or multiple components of the same type may be
included. As will be described in detail below, the sensor
system 10 includes redundant sensor components which
may increase the accuracy of the shape sensing and pose
determination functions of the system. The redundant sensor
components may also 1dentily the sources and locations of
sensor 1accuracies, for example 1n regions with light bends,
high tensions, or significant twisting, and correct for those
Inaccuracies.

The mterrogation system 12 generates light and detects
returning light to determine the current shape of the sensor
devices 16, 18, 20. The mnterrogation system 12 may also
process the returned data for display to the clinician. This
information, 1n turn, 1n can be used to determine other
related variables, such as pose, velocity and acceleration of
the targets or instruments to which the sensor devices are
connected. The sensor devices 16, 18 are coupled at proxi-
mal ends 16a, 18a, respectively, to the interrogation system
12. The sensor devices 16, 18 also have distal ends 165, 1854,
respectively. The sensor device 20 1s coupled at a proximal
end 20q to the interrogation system 12 and at a distal end 205
to the interventional instrument 22. Although the sensor
device 20 1s shown extending entirely within or along the
interventional instrument, 1n various alternative embodi-
ments, the sensor device may extend only partially within or
along the interventional instrument. The interventional
instrument 22 1s coupled to a manual or remotely operated
control system 24.

Each of the sensor devices 16, 18, 20 1s coupled to the
reference fixture 14 at an intermediate portion along its
length between the proximal and distal ends. The poses of
the coupled portions of the sensor devices 16, 18, 20 are held
fixed by the reference fixture 14. Further, the poses of the
coupled portions of the sensor devices 16, 18, 20 are
maintained in known kinematic relationships with respect to
cach other by the reference fixture 14. For example, the
relationships between sensors and fixtures may be fixed,
such as where the sensor device does not move with any
degree of freedom relative to the reference fixture. Alterna-
tively, the relationships between sensors and fixtures may be
movable but known, such as where a sensor 1s movable
relative to the reference fixture within a known range. For
example, a reference fixture may have a rotating joint with
a known rotation angle, but the relative position of the
sensors to each other and to the reference fixture 1s still
known. The reference fixture 14 may be, for example,
formed of a ngid metal, polymer, or ceramic material and
may include grooves, tubes, clamps, and/or other mechani-
cal connectors that receive a portion of the sensor device and
maintain 1t 1 a {ixed relationship with respect to the fixture
and with respect to the other coupled sensor devices. In one
example, the reference fixture may be formed of an alumi-
num plate with several machined, tight-fitting parallel
grooves to which the sensor devices may be glued or
otherwise aflixed. The position and orientation oflsets
between the coupled sensor devices are thus known at the
location at which the sensor devices are coupled to the
reference fixture 14.
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In use, the target fixture 26 1s anchored to an anatomical
structure of a patient anatomy. The target fixture 26 includes
connectors 28 for fixing a portion of one or more sensor
devices 16, 18 to the target {ixture and maintaining the fixed
portions of the sensor devices 1n a predefined shape or pose.
The sensor devices may be glued, mechanically held, or
otherwise aflixed within the target fixture. In one example,
the target fixture may be a small aluminum plate with a
plurality of tight-fitting grooves in which portions of the
sensor devices are maintained 1n fixed kinematic relation-
ships.

As shown in FIG. 2, the sensor device 16 includes a
multicore optical fiber 50 including seven cores 52, 54, 56,
58, 60, 62, 64 within a cladding 66. In one embodiment, the
multi-core optical fiber has a diameter of approximately 200
um. In other embodiments, the dimensions may be larger or
smaller. Sensor devices 18 and 20 may have a similar
construction and so will not be described 1n turther detail. In
alternative embodiments, the sensor device may have more
or fewer than seven cores. Alternatively, the sensor device
may 1nclude multiple optical fibers, each with one or more
optical cores.

Each core 352-64 may be single-mode with suflicient
distance and cladding separating the cores such that the light
in each core does not interact significantly with the light
carried in other cores. Each core may include Fiber Bragg
Gratings (FBGs) to provide strain measurements 1n one or
more dimensions. Various systems and methods for moni-
toring the shape and relative position of an optical fiber in
three dimensions are described mn U.S. patent application
Ser. No. 11/180,389, filed Jul. 13, 2005, disclosing “Fiber
optic position and shape sensing device and method relating
thereto;” U.S. Provisional Pat. App. No. 60/588,336, filed on
Jul. 16, 2004, disclosing “Fiber-optic shape and relative
position sensing;” and U.S. Pat. No. 6,389,187, filed on Jun.
17, 1998, disclosing “Optical Fibre Bend Sensor,” which are
incorporated by reference herein 1n their entireties. In other
alternatives, sensors employing other strain sensing tech-
niques such as Rayleigh scattering. Raman scattering, Bril-
louin scattering, and Fluorescence scattering may be suit-
able.

In some embodiments, an array of FBG’s 1s provided
within each core. Each FBG comprises a series of modula-
tions of the core’s refractive index so as to generate a spatial
periodicity 1n the refraction index. The spacing may be
chosen so that the partial reflections from each index change
add coherently for a narrow band ofl wavelengths, and
therefore reflect only this narrow band of wavelengths while
passing through a much broader band. During fabrication of
the FBG’s, the modulations are spaced by a known distance,
thereby causing retlection of a known band of wavelengths.
However, when a strain 1s induced on the filler core, the
spacing ol the modulations will change, depending on the
amount of strain in the core. Alternatively, backscatter or
other optical phenomena that vary with bending of the
optical fiber can be used to determine strain within each
core.

Thus, to measure strain, light 1s sent down the fiber core,
and characteristics of the returning light are measured. In
this embodiment, the interrogator 12 generates and receives
the returned light for each core. In alternative embodiments,
more than one interrogator may be used. The FBG’s produce
a reflected wavelength that 1s a function of the strain on the
fiber and 1ts temperature. This FBG technology 1s commer-
cially available from a variety of sources, such as Smart
Fibres Ltd. of Bracknell, England. Use of FBG technology
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Pat. No. 7,930,065, filed Jul. 20, 2006, disclosing “Robotic
Surgery System Including Position Sensors Using Fiber
Bragg Gratings,” which 1s incorporated by reference herein
in its enfirely.

When applied to a multicore fiber, bending of the optical
fiber induces strain on the cores that can be measured by
monitoring the wavelength shiits 1n each core. By having
two or more cores disposed ofl-axis 1n the fiber, bending of
the fiber induces different strains on each of the cores. These
strains are a function of the local degree of bending of the
fiber. For example, regions of the cores containing FBG’s, 1f
located at points where the fiber 1s bent, can thereby be used
to determine the amount of bending at those points. These
data, combined with the known spacings of the FBG
regions, can be used to reconstruct the shape of the fiber.

The sensor processing and control system 27 includes at
least one processor (not shown), and typically a plurality of
processors, for processing the information received from the
interrogation system 27. The system 27 includes pro-
grammed 1nstructions to implement some or all of the
methods described herein. While system 27 1s shown as a
single block in the simplified schematic of FIG. 1, the
system may comprise a number of data processing circuits
with a portion of the processing optionally being performed
in different locations. Any of a wide variety of centralized or
distributed data processing architectures may be employed.
Similarly, the programmed instructions may be implemented
as a number of separate programs or subroutines, or they
may be integrated into a number of other aspects of the
robotic systems described herein.

In the embodiment of FIGS. 2 and 3, the central core 64
1s centered within a radial array of the cores 52-64. The six
cores 52-64 are arranged 1n two triads with cores 52, 54, 56
forming a first triad and cores 58, 60, 62 forming a second
triad. The three optical cores 1n each triad are arranged 1n a
triangular shape (in cross-section) and evenly spaced about
a central axis Al through the central core 64 at approxi-
mately 120° apart. "

The sensor device 16 can include a
plurality of sections along its axial length, between proximal
end 16a and distal end 1654, with strain values determined for
cach core at each axial section of the sensor device.

The strain values from at least three cores can be used to
calculate the bend of the axial section. The bend values from
cach axial section may be combined to calculate the shape
of the sensor device. From the shape of the sensor device, a
position and orientation of the distal ends 165, 186, 2056 or
other axial portions of the sensor devices may be deter-
mined. FIGS. 4 and 5 provide alternative methods for
determining the shape of a sensor device and thus, the pose
of the distal end of the sensor device. Both of those methods
use redundant optical fiber shape mformation to refine the
accuracy of the final determined sensor shape.

In the embodiment of FIG. 4, a method 100 for deter-
mining the pose of a distal tip of a multi-core optical fiber
(e.g., the distal end of the fiber 1n sensor devices 16, 18, 20)
includes, at 102, providing the multi-core optical fiber which
includes a plurality of cores (e.g., the six cores 52, 54, 56,
58, 60, 62) for determining a three-dimensional bend of the
fiber. Three cores are the minimum required to determine
three-dimensional shape, the use of all six cores, radially
arranged around the center core, provides redundant shape
information that may be combined to generate a more
accurate sensor shape. At 104, the method includes deter-
mining a strain for selected axial segments or all of the axial
segments of each core 1n the plurality of cores.

At 106, the method includes determining a composite
shape of the optical fiber using the determined strains for the
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plurality of cores. For example, the strains in all of the cores
may be combined to reconstruct the bending, twisting,
compression, and other shape characteristics that define the
overall composite shape of the optical fiber. For example,
with reference to FIG. 3, if the strains 1n cores 58 and 54
indicate compression (negative strain), the strains 1 62, 56
indicate stretching (positive strain), and the strains in 352, 64,
60 arc neutral, than the best fitting bend/twist angle would
be a pure bend toward cores 54, 58 around a line passing
through cores 52, 60.

At 108, the method includes determining a pose of a distal
end of the optical fiber using the determined strains for the
plurality of cores. For example, with a proximal end of the
optical fiber held 1n a fixed pose (e.g., by the reference
fixture 14), the determined composite shape of the optical
fiber may be cumulatively applied to the proximal end fixed
pose to determine the pose of intermediate portions along
the axial length of the optical fiber. Using this method, the
pose of the distal end of the optical fiber may be determined.

In the embodiment of FIG. 5, a method 110 for determin-
ing the pose of a distal tip of a multi-core optical fiber (e.g.,
the distal end of the fiber 1n sensor device 16, 18, 20)
includes at 112, providing the multi-core optical ﬁber which
includes a first set of cores (e.g., first triad 52, 54, 56) for
determining a three-dimensional shape of the fiber and a
second set of cores (e.g., second triad 58, 60, 62) for
determining a three-dimensional shape of the fiber. A single
triad of cores 1s the mimimum required to determine three-
dimensional shape. However, for measuring twist, each set
of cores may include a fourth core, the central core 64, 1n
addition to the three radially arranged cores. The use of two
triads (or two triads plus the center core), provides redundant
shape mformation that may be combined to generate a more
accurate sensor shape. At 114, the method includes deter-
mimng a strain for selected segments or all of the segments
of each core 1n the first and second sets of cores.

At 116, the method includes determining a composite
shape of the optical fiber using the determined strains for the
first set of cores. For example, the shape of the optical fiber
may be reconstructed from the bending, twisting, compres-
sion, and other shape characteristics derived from the three-
dimensional strains of the first triad of cores that define the
overall composite shape of the optical fiber. At 118, the
method includes determining a composite shape of the
optical fiber using the determined strains for the second set
of cores. For example, the shape of the optical fiber may be
reconstructed from the bending, twisting, compression, and
other shape characteristics dernived from the three-dimen-
sional strains of the second triad of cores that define the
overall composite shape of the optical fiber.

At 120, the method includes merging the first and second
composite shapes to determine a third composite shape of
the optical fiber. For example, the shape of the optical fiber
determined from the first triad may be averaged together
with the shape of the optical fiber determined from the
second triad to determine the composite shape of the optical
fiber. In alternative embodiments, the shape from each triad
may be represented as a series of twist and bend angles, and
merging of the two shapes may entail averaging those twist
and bend angle sequences to reconstruct a composite shape
based on the averaged sequences.

At 122, the method includes determining a pose of a distal
end of the optical fiber using the determined strains for the
first and second set of cores. For example, with a proximal
end of the optical fiber held 1n a fixed pose (e.g., by the
reference fixture 14), the composite shape of the optical fiber
may be cumulatively applied to the proximal end fixed pose
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to determine the pose of intermediate portions along the
axial length of the optical fiber. Using this method, the pose
of the distal end of the optical fiber may be determined.

As described 1n the embodiments of FIGS. 6-13, multiple
shape sensor devices may be constrained in a kinematic
closed loop with certain portions coincident along the length
of the sensor devices or with fixed kinematic relationships
between one or more portions along the length of the sensor
devices. The sensor devices may use a single traditional triad
of optical cores for determining section bend and overall
three dimensional shape or may use the above-described
methods of using multiple triads of optical cores or the
combined data from more than three optical cores to deter-
mine section bend and overall shape.

Redundant Sensor Device

FIG. 6 1llustrates a configuration 200 of the sensor system
10 1n accordance with another embodiment of the present
disclosure. In this embodiment, a two shape sensor devices
16, 18 are attached between a common reference fixture 14
and a common target. In this example, the target is an
anatomic target 202 (e.g., a bone or soft tissue of the patient
anatomy). In other embodiments, the common target of the
sensor devices may be an interventional instrument or an
implanted device. As will be described, the measured shapes
of the sensor devices and their known kinematic relation-
ships at one or more locations can be used to generate a more
accurate position of the target structure.

In this configuration, the proximal ends 16a, 18a of sensor
devices 16, 18 respectively, are connected to interrogation
system 12. The sensor device 16 1s held by the reference
fixture 14 1n a fixed kinematic pose at location A, and the
sensor device 18 1s field by the reference fixture 14 1n a fixed
kinematic pose at location C. At locations A and C, the three

dimensional position oflsets between the sensor devices and
the three dimensional orientation offsets between the sensor
devices are known. The distal end 165 of the sensor device
16 1s coupled to the target fixture 26 at location B, and the
distal end 185 of the censor device 18 1s coupled to the target
fixture 26 at location D. The target fixture 26 holds the distal
ends 165 and 185 1n fixed kinematic poses with respect to
the target fixture and with respect to each other. At locations
B and D, the three dimensional position offsets between the
sensor devices and the three dimensional orientation offsets
between the sensor devices are known. The target fixture 26
1s allixed to a target tissue 202 of the patient anatomy. As the
target {ixture 26 moves with the patient anatomy due to, for
example, respiration, cardiac movement, patient ambulation,
or tissue manipulation by a clinician during an interventional
procedure, the sensor portions 165, 186 are maintained in a
fixed kinematic relationship with respect to each other.

In this embodiment, the length of the sensor device 16
between the locations A and B i1s different (1n this embodi-
ment longer) than the length of the sensor device 18 between
locations C and D. The sensor devices 16, 18 may enter the
patient anatomy anywhere along the length between AB and
CD, respectively. For example, each sensor device may be
coupled to the exterior anatomy of the patient or may extend
within the free space surrounding the patient anatomy for the
majority of the length between reference fixture and the
target fixture and enter the patient anatomy just near the
distal end of the sensor device where 1t 1s at attached to the
target fixture. The portion of the sensor devices between the
reference fixtures and the larger fixtures may be housed 1n a
robust coating that protects the integrity of the optical fiber
but allows for flexure and movement of the sensor device
along the exterior patient anatomy or in the free space
surrounding the patient anatomy. For example, a 3 mm
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diameter protective jacket may cover the sensor device
outside of the patient anatomy. Alternatively, the sensor
devices may enter the patient anatomy through natural or
surgically created orifices and pass through natural or sur-
gically created anatomical lumens to reach the target fixture
and the target tissue.

FI1G. 7 illustrates a method 210 of using the sensor system
10 as configured in FIG. 6. At 212, the sensor system 10 1s
provided as configured in FIG. 6 with the target fixture 26
attached to the target tissue 202. The target tissue 202 may
be, for example, a bone such as a vertebral body or a portion
ol a hip joint. Alternatively, the target tissue 202 may be soft
tissue such as an organ in the patient abdomen or a portion
of the patient’s brain. At 214, the method 210 includes
obtaining the pose of the sensor device 16 at location A
where 1t 1s fixed to the reference fixture 14. For example,
obtaining the pose of the sensor device at location A may
include knowing where the start 1s along the sensor device
based on a calibration procedure and the fact that the sensor
device 1s afixed to the reference fixture at location A.
Alternatively, obtaining the pose of the sensor device at
location A may include detecting a known feature (e.g., a 90°
bend or a small bump) 1n the sensor device. The use of a
known shape feature 1s described in further detail in U.S.
patent application Ser. No. 12/617,995, filed on Nov. 13,
2009, disclosing “Method and System to Sense Relative
Partial-Pose Information Using a Shape Sensor,” which 1s
incorporated by reference herein in its entirety. At 216, the
sensor device 16 1s interrogated to determine the shape of the
sensor device between locations A and B. At 218, a pose of
a distal end 165 of the sensor device 16 1s obtained using the
determined shape of the sensor device. For example, with
the portion of the optical fiber held 1n a fixed pose at A by
the reference fixture 14, the composite shape of the senior
C
C

evice may be cumulatively applied to the fixed pose at A to
etermine the pose of intermediate portions along the axial
length of the sensor device between A and B. Using tins
method, the pose of the distal end 1656 of the sensor device
16 may be determined.

At 220, the method 210 includes obtaining the pose of the
sensor device 18 at location C where 1t 1s fixed to the
reference fixture 14. At 222, the sensor device 18 is inter-
rogated to determine the shape of the sensor device between
locations C and D. At 224, a pose of a distal end 185 of the
sensor device 18 1s obtained using the determined shape of
the sensor device. For example, with the portion of the
optical fiber held 1n a fixed pose at C by the reference fixture
14, the composite shape of the sensor device may be
cumulatively applied to the fixed pose at C to determine the
pose of mtermediate portions along the axial length of the
sensor device between C and D. Using this method, the pose
of the distal end 185 of the sensor device 18 may be
determined.

At 226, the method 210 includes obtaining the three
dimensional offset distance and/or orientation differences
between the sensor devices 16, 18 at the target fixture 26
(1.e., at B and D, respectively). At 228, the method includes
obtaining the three dimensional ofiset distance and/or ori-
entation difference between the sensor devices 16, 18 at the
reference fixture 14 (1.e., at A and C, respectively).

At 230, the method 210 includes determining a revised
pose for the distal end 165 of the shape sensor 16. For
example, the pose of the distal end 185 of the sensor device
18 may be adjusted by the known oflsets between the sensor
devices at locations A and C and at locations B and D to
generate a redundant determination or revised pose of the
distal end 165 of the sensor device 16. Likewise, the distal
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end 166 may be adjusted by the known oflsets between the
sensor devices at locations A and C and at locations B and
D to generate a redundant determination or revised pose of
the distal end 1854 of the sensor device 18. With this method,
the position and orientation of the target may be determined
with greater accuracy than would be possible using a single
sensor device on 1ts own.

Looped Sensor Device

FIG. 8 illustrates a configuration 250 of the sensor system
10 1n accordance with another embodiment of the present
disclosure. In this embodiment, a single sensor device is
looped from a reference fixture, to a target, and back to the
reference fixture. As will be described, the measured shapes
of the sensor device sections between the reference fixture
and the target and their known kinematic relationships at one
or more locations can be used to generate a more accurate
position of the target.

In this configuration, the proximal end 16a of sensor
devices 16 1s connected to interrogation system 12. The
sensor device 16 1s held by the reference fixture 14 1n a fixed
kinematic pose at location A. Another portion of the sensor
device 16 1s coupled to the target fixture 26 at location B.
The distal end portion 165 of the sensor device 16 1s coupled
to the reference fixture 14 1n a fixed kinematic pose at
location C. Thus, the sensor device 16 forms a loop with
known three dimensional position oflsets of the sensor
device portions between A and C and known three dimen-
sional orientation oflsets of the sensor device portions,
between A and C. The target fixture 26 holds an intermediate
portion of the sensor device 16 in a fixed kinematic pose
with respect to the target fixture. The target fixture 26 1s
allixed to a target tissue 202 of the patient anatomy. As the
target fixture 26 moves with the patient anatomy, the sensor
portion coupled to the target fixture 26 1s maintained 1n a
fixed kinematic relationship with respect to the target fixture.
In this configuration, the sensor device section between A
and B serves as a first shape sensor, and the sensor device
section between C and B serves as a second shape sensor.
The length of the sensor device 16 between the locations A
and B may be different (in this embodiment shorter) than the
length between locations C and B. The sensor device 16 may
enter the patient anatomy anywhere along the length
between AB and may exit the patient anatomy anywhere
along the length between BC. For example, the sensor
device may be coupled to the exterior anatomy of the patient
or may extend within the free space surrounding the patient
anatomy for the majority of the lengths between reference
fixture and the target fixture and enter/exit the patient
anatomy just near the portion of the sensor device that is
attached to the target fixture. The portion of the sensor
device between the reference fixture and the target fixture
may be housed 1n a robust coating that protects the integrity
of the optical fiber but allows for flexure and movement of
the sensor device along the exterior patient anatomy or in the
free space surrounding the patient anatomy. Alternatively,
the sensor device may enter the patient anatomy through
natural or surgically created orifices and pass through natu-
ral or surgically created anatomical lumens to reach the
target fixture and the target tissue.

In the embodiment of FIG. 8, the looped sensor device 16
may be coupled to the target fixture such that the optical
fiber(s) of the sensor device are curved smoothly, without
kinking, excessive twisting, excessive bending, or other
arrangements that induce high strain or damage to the fiber.
For example, the target fixture 26 may be constructed with
a preformed groove sized to recerve the shape sensor 16 and
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hold 1t 1n a predetermined curved shape, thus resisting
kinking or excessive twisting at the target fixture.

FI1G. 9 illustrates a method 260 of using the sensor system
10 as configured 1n FIG. 8. At 262, the sensor system 10 1s
provided as configured 1n FIG. 8 with the target fixture
attached to the target tissue 202. At 264, the method 260
includes obtaining the pose of the sensor device 16 at
location A where 1t 1s fixed to the reference fixture 14. At
266, the sensor device 16 1s mterrogated to determine the
shape of a first section of the sensor device between loca-
tions A and B. At 268, a pose of the portion of the sensor
device 16 coupled to the target fixture at B 1s obtained using
the determined shape of the first section of the sensor device
between locations A and B. For example, with the portion of
the optical fiber held 1n a fixed pose at A by the reference
fixture 14, the composite shape of the first section of the
sensor device may be cumulatively applied to the fixed pose
at A to determine the pose of intermediate portions along the
axial length of the sensor device between A and B. Using this
method, the pose of the first section of the sensor device at
location B may be determined.

At 270, the method 260 includes obtaining the pose of the
sensor device 16 at location C where 1t 1s fixed to the
reference fixture 14. At 272, the sensor device 16 is inter-
rogated to determine the shape of a second section of the
sensor device between locations C and B. At 274, a pose of
the portion of the sensor device 16 coupled to the target
fixture at B 1s obtained using the determined shape of the
second section of the sensor device between C and B. For
example, with the portion of the optical fiber held 1n a fixed
pose at C by the reference fixture 14, the composite shape of
the second section of the sensor device may be cumulatively
applied to the fixed pose at C to determine the pose of
intermediate portions along the axial length of the sensor
device between C and B. Using this method, the pose of the
second section of the sensor device at location B may be
determined.

At 276, the method 260 includes determining the sensor
device pose at the target based on the first section (A-B) pose
at B and on the second section (C-B) pose at B. For example,
the determination of the sensor device pose at the target may
be determined by averaging the first and second section
poses at B (with correct ornigination poses at A and C
assumed). With this method, the position and orientation of
the target at B may be determined with greater accuracy than
may be possible using a single sensor device between the
reference fixture and the target.

FIG. 10 again illustrates the configuration 2350 of the
sensor system 10. In this configuration, the shape sensor 16
1s coupled to the reference fixture 14 at A, to the target
fixture 26 at B, and to the reference fixture 14 at C, as
previously described. This embodiment provides error cor-
rection and redundancy for determining the pose of the
sensor at B by using a measured shape 252 of the sensor
device 16, between locations A and C'. The measured shape
252 of the third shape sensor section between A and C' may
be slightly different than the real shape of the third shape
sensor section between A and C. Measuring a multidimen-
sional correction factor between real location C and the
measured location C' provides information for correcting the
accumulated error generated in the sensor device 16. This
information may be used to reduce error in determining the
position of location B'.

FIG. 11 1illustrates a method 280 of using the sensor
system 10 as configured in FIG. 10 to correct the position
and orientation of the target at B. At 282, the sensor device
16 between A and C 1s interrogated to determine the mea-
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sured shape 252 of the sensor device between A and C'. At
284, the pose of the sensor device 16 at B' and C' 1s obtained
using the determined shape of the sensor device. For
example, with the portion of the optical fiber held 1n a fixed
pose at A by the reference fixture 14, the composite shape of
the sensor device may be cumulatively applied to the fixed
pose at A to measure the pose of intermediate portions along

the axial length of the sensor device, including at B' and C'.
At 286, the known real pose of the sensor device 16 at C,
where 1t 1s fixed to the reference fixture 14, i1s obtained. At
288, a three dimensional first correction factor 1s calculated
between the real pose of the sensor device at C and the
calculated pose of the sensor device at C'. At 289, a three
dimensional second correction factor 1s determined to cor-
rect the calculated pose of the target at B' based upon the first
correction factor. For example, if the first correction factor
1s 2 cm 1n one direction, the second correction factor may be
half (1.e., 1 cm) 1n the same direction. In other alternatives,
the second correction factor may be greater or less than half
of the first correction factor. Using the second correction
factor, the measured position B' may be further corrected at
290 to determine an improved approximation of the pose of
the sensor device 16 at the target location B. The corrected
position B 1s determined by adjusting the position B' by the
three dimensional second correction factor. With this
method, the position and orientation of the looped sensor
device at B may be determined with greater accuracy than
may be possible using a single non-looped sensor device.
Redundant Sensor and Interventional Instrument

FIG. 12 1illustrates a configuration 310 of the sensor
system 10 1n accordance with another embodiment of the
present disclosure. In this embodiment, three shape devices
are attached to a common reference fixture, extend to
different tools or anatomical locations, and join again at a
common target. As will be described, the measured shapes
of the sensor devices and their known kinematic relation-
ships at one or more locations can be used to generate a more
accurate position of the target structure. In this configura-
tion, the proximal ends 16a, 18a, 20a of sensor devices 16,
18, 20 respectively, are connected to the interrogation sys-
tem 12. The sensor device 16 1s held by the reference fixture
14 1n a fixed kinematic pose at location A, the sensor device
18 1s held by the reference fixture 14 1n a fixed kinematic
pose at location E, and the sensor device 20 1s held by the
reference fixture 14 1n a fixed kinematic pose at location F.
At locations A and E, the position offsets of the sensor
devices 16, 18 between A and E and the orientation offsets
of the sensor devices between A and E are known. At
locations A and F, the three dimensional position offsets of
the sensor devices 16, 20 between A and F and the three
dimensional orientation oflsets of the sensor devices
between A and F are known. At locations E and F, the three
dimensional position offsets of the sensor devices 18, 20
between E and F and the three dimensional orientation
oflsets of the sensor devices between E and F are known.
The distal end 165 of the sensor device 16 1s coupled to a
target fixture 26q at location C, and an intermediate portion
of the sensor device 16 (located along the axial length of the
sensor device between the reference fixture 14 and the distal
end 165) 1s coupled to a target fixture 26a at location B, The
distal end 185 of the sensor device 18 1s coupled to the target
fixture 265 at location D. The target fixture 265 holds the
distal ends 166 and 185 1n fixed kinematic poses with respect
to the target fixture 265 and with respect to each other. At
locations C and D, the position offsets of the sensor devices
between C and D and the orientation oflsets of the sensor
devices between C and D are known. The target fixtures 26a
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1s aflixed to a target tissue 204 of the patient anatomy and the
target fixture 265 1s athxed to the target tissue 202 of the
patient anatomy. As the target fixture 266 moves with the
patient anatomy, the sensor distal end portions 165, 186 are
maintained 1n a fixed kinematic relationship with respect to
cach other. As the target fixture 26a moves with the patient
anatomy, the intermediate portion of sensor device 16 main-
tains a fixed kinematic relationship with the target fixture
26a. The length of the sensor device 16 between the loca-
tions A and C may be different (in this embodiment longer)
than the length of the sensor device 18 between locations E
and D. The sensor devices 16, 18 may enter the patient
anatomy anywhere along the length between AB and ED,
respectively. The sensor device 16 between BC may emerge
from the patient anatomy and reenter the patient anatomy.
Alternatively, the sensor device 16 between BC may pass
through a natural or surgically created passageway 1n the
patient anatomy. In this embodiment, the distal end 2056 of
the sensor device 20 1s aflixed to the interventional instru-
ment 22 and 1s maintained 1n a fixed kinematic relationship
with respect to the interventional instrument.

In one example, the target tissues 202, 204 may be bones
in the patient anatomy and the sensor devices may be
attached to the target tissues to determine relative positions
and relative motions of the bones. The sensor devices may
be aflixed to the bones by target fixtures that include bone
screws, adhesives, or other known coupling systems.

The sensor devices 16, 18, 20 may 1nclude a single fiber
or multiple fibers arranged 1n parallel. Alternatively, a sensor
device may have serially connected fiber segments (i.e.,
“daisy-chained” segments) connected by optical couplers
that permit interrogation across the connection. Thus, one
segment would extend, for example, between locations A, B
and that segment would be connected to another segment
extending between location B, C.

FIG. 13 illustrates a method 320 of using the sensor
system 10 as configured mn FIG. 12. At 322, the sensor
system 12 1s provided as configured in FIG. 12 with the
target fixture 26a attached to the target tissue 204 and the
target fixture 26 attached to the target tissue 202. At 324,
the method 320 includes obtaining the pose of the sensor
device 16 at location A where 1t 1s fixed to the reference
fixture 14. At 326, the sensor device 16 1s interrogated to
determine the shape of the first section of the sensor device
between locations A and B. At 328, a pose of the sensor
device 16 at location B 1s obtained using the determined
shape of the first section sensor device, for example, with the
portion of the sensor device held 1n a fixed pose at A by the
reference fixture 14, the composite shape of the first section
of the sensor device may be cumulatively applied to the
fixed pose at A to determine the pose of intermediate
portions along the axial length of the sensor device between
A and B. Using this method, the pose of the sensor device
at location B may be determined. At 330, the method
includes determining the shape of the sensor device 16
between the reference fixture 14 at location A and the target
fixture 265 at location C. At 332, the pose of the distal end
165 of the sensor device 16 at location C 1s determined from
the shape of the sensor device 16 between A and C. With this
method, the sensor devices 16, 18 form a kinematic loop that
may be used to improve the determination of the locations,
of both target tissues 202, 204.

At 334, the method 320 includes obtaining the pose of the
sensor device 18 at location E where 1t 1s fixed to the
reference fixture 14. At 336, the sensor device 18 is inter-
rogated to determine the shape of the sensor device between
locations E and D. At 338, a pose of a distal end 185 of the
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sensor device 18 1s obtained using the determined shape of
the sensor device. For example, with the portion of the
optical fiber held 1n a fixed pose at E by the reference fixture
14, the composite shape of the sensor device may be
cumulatively applied to the fixed pose at E to determine the
pose ol mtermediate portions along the axial length of the
sensor device between E and D. Using this method, the pose
of the distal end 185 of the sensor device 18 may be
determined.

At 340, the method 210 includes obtaining the three
dimensional offset distance and/or orientation difference
between the sensor devices 16, 18 at the reference fixture 14
(1.e., at A and E, respectively). At 342, the three dimensional
oflset distance and/or orientation difference between the
sensor devices 16, 18 at the target fixture 265. 1.e. at C and
D, respectively, are obtained. At 344, the three dimensional
offset distance and/or orientation difference between the
sensor devices 16, 20 at the reference fixture 14 (i.e., at A
and F, respectively) are obtained. At 346, the three dimen-
sional oflset distance and/or orientation difference between
the sensor devices 18, 20 at the reference fixture 14 (1.e., at
E and F, respectively) are obtained.

At 348, the method 320 includes obtaining the pose of the
sensor device 20 at location F where 1t 1s fixed to the
reference fixture 14. At 350, the sensor device 20 is inter-
rogated to determine the shape of the sensor device between
locations F and G. At 352, a pose of a distal end 205 of the
sensor device 20 1s obtained using the determined shape of
the sensor device. For example, with the portion of the
optical fiber held 1n a fixed pose at F by the reference fixture
14, the composite shape of the sensor device 20 may be
cumulatively applied to the fixed pose at F to determine the
pose ol mtermediate portions along the axial length of the
sensor device between F and G. Using this method, the pose
of the distal end 205 of the sensor device 20 may be
determined. The distal end 20 of the sensor device 20 may
be fixed at a distal end of the interventional mstrument 22 as
shown in FIG. 1. Alternatively, the distal end 20 of the
sensor device 20 may be fixed at 1t proximal end of the
interventional instrument 22 as shown in FIG. 12. In various
other configurations, the distal end 20 of the sensor device
20 may be fixed at other points on the interventional
instrument that a clinician may have an interest in tracking.

At 354, the method 320 includes determining a revised
pose for the distal end 165 of the shape sensor 16. For
example, the pose of the distal end 186 of the sensor device
18 may be adjusted based on the known oflsets between
locations A.E and the oflsets between locations C.,D to
generate a redundant determination or revised pose of the
distal end 165 of the sensor device 16. With this method, the
position and orientation of the distal end 165 of the sensor
device 16 may be determined with greater accuracy than
would be possible using the single sensor device 16 on its
own. At 356, the revised pose of the distal end 165 1s tracked
relative to the distal end 206 of the sensor device 20 carried
by the interventional instrument 22.

The distal end 206 of the sensor 20 (or a portion of the
interventional instrument 22 fixed with respect to the distal
end 206 of the sensor 20) may be used to provide redun-
dancy for refining the position of the distal end 1656 of the
sensor 16. For example, 11 the distal end 2056 of the sensor
1s held at the target reference fixture (coincident with or 1n
a known kinematic relationship with the distal end 165H)
while the sensor device 20 1s interrogated, the resulting
shape of the sensor 20 may be used to determine the position
of the distal end 205 at the target. Thus, the position of the
distal end 206 and the known three dimensional offsets
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between the sensors at the reference fixture and the target
fixture may be used to refine the pose of the distal end 165
using a method similar to that used for redundant sensor
device 18.

Any of the described sensor system configurations may be
used to assist in medical mterventional procedures, 1includ-
ing computer assisted systems. Computer assisted systems
may include teleoperated interventional systems such as
robotic interventional systems. Referring to FIG. 14 of the
drawings, a teleoperated interventional system for use 1n, for
example, surgical, diagnostic, therapeutic, or biopsy proce-
dures, 1s generally indicated by the reference numeral 400.
As shown 1n FIG. 1, the teleoperated interventional system
400 generally includes a robotic assembly 402 mounted to or
near an operating table O on which a patient P 1s positioned.
An mterventional instrument system 404 1s operably
coupled to the robotic assembly 402. An operator input
system 406 allows a surgeon S to view the surgical site and
to control the operation of the interventional instrument
system 404.

The operator mput system 406 may be located at a
surgeon s console which 1s usually located 1n the same room
as operating table O. However, 1t should be understood that
the surgeon S can be located in a different room or a
completely different building from the patient P. Operator
input system 406 generally includes one or more control
device(s) for controlling the interventional mstrument sys-
tem 404. The control device(s) may include any number of
a variety ol input devices, such as hand grips, joysticks,
trackballs, data gloves, trigger-guns, hand-operated control-
lers, voice recognition devices, touch screens, body motion
or presence sensors, or {ile like. In some embodiments, the
control device(s) will be provided with the same degrees of
freedom as the interventional instruments of the robotic
assembly to provide the surgeon with telepresence, or the
perception that the control device(s) are integral with the
instruments so that the surgeon has a strong sense of directly
controlling instruments. In other embodiments, the control
device(s) may have more or fewer degrees of freedom than
the associated interventional instruments and still provide
the surgeon with telepresence. In some embodiments, the
control device(s) are manual input devices which move with
s1Xx degrees of freedom, and which may also include an
actuatable handle for actuating instruments (for example, for
closing grasping jaws, applying an electrical potential to an
clectrode, delivering a medicinal treatment, or the like).

The robotic assembly 402 supports the interventional
instrument system 404 and may comprise a kinematic struc-
ture ol one or more non-servo controlled links (e.g., one or
more links that may be manually positional and locked in
place, generally referred to as a set-up structure) and a
robotic manipulator. The robotic assembly 402 includes
plurality of actuators (e.g., motors) that drive inputs on the
interventional instrument 404. These motors actively move
in response to commands from the control system (e.g.,
control system 412). The motors include drive systems
which when coupled to the interventional mstrument 404
may advance the interventional instrument into a naturally
or surgically created anatomical orifice and/or may move the
distal end of the interventional instrument i multiple
degrees of freedom, which may include three degrees of
linear motion (e.g., linear motion along the X, Y, Z Cartesian
axes) and three-degrees of rotational motion (e.g., rotation
about the X, Y, Z Cartesian axes). Additionally, the motors
can be used to actuate an articulable end effector of the
instrument for grasping tissue 1n the jaws of a biopsy device
or the like.
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The robotic interventional system 400 also includes a
sensor system 408 with one or more sub-systems for rece1v-
ing information about the mstruments of the robotic assem-
bly. The sensor system 408 may include, for example, the
shape sensor device 10 i any of the configurations
described above. The sensor sub-systems may also include
an electromagnetic (EM) position sensor system) and/or a
visualization system for capturing images irom the distal
end of the catheter system.

The robotic interventional system 400 also includes a
display system 410 for displaying an image of the surgical
site and interventional instruments 404 generated by sub-
systems of the sensor system 408. The display 410 and the
operator mput system 406 may be oriented so the operator
can control the interventional instrument system 404 and the
operator mput system 406 as 1f viewing the workspace 1n
substantially true presence. True presence means that the
displayed tissue i1mage appears to an operator as if the
operator was physically present at the image location and
directly viewing the tissue from the perspective of the
image.

Alternatively or additionally, display system 410 may
present 1images of the surgical site recorded and/or modeled
preoperatively using imaging technology such as comput-
erized tomography (CT), magnetic resonance imaging
(MRI), fluoroscopy, thermography, ultrasound, optical
coherence tomography (OCT), thermal 1imaging, impedance
imaging, laser imaging, nanotube X-ray imaging, or the like.
The presented preoperative 1mages may include two-dimen-
sional, three-dimensional, or four-dimensional (including
¢.g., time based or velocity based information) images and
models.

In some embodiments, the display system 410 may dis-
play a virtual visualization image 1 which the actual loca-
tion of the iterventional instrument i1s registered (e.g.,
dynamically referenced) with preoperative or concurrent
images to present the surgeon with a virtual image of the
internal surgical site at the location of the tip of the surgical
instrument.

In other embodiments, the display system 410 may dis-
play a virtual visualization 1image 1n which the actual loca-
tion of the interventional instrument 1s registered with prior
images (including preoperatively recorded 1mages) or con-
current images to present the surgeon with a virtual 1image of
an 1interventional istrument at the surgical site. An 1image of
a portion of the interventional instrument 404 may be
superimposed on the virtual image to assist the surgeon
controlling the mterventional mnstrument.

The robotic interventional system 400 also includes a
control system 412. The control system 412 includes at least
one processor (not shown), and typically a plurality of
processors, for eflecting control between the interventional
instrument system 404, the operator mput system 406, the
sensor system 408, and the display system 410. The control
system 412 may include common computer components
including a logic unit, such as an arithmetic or logical adder,
and one or more memory devices. The control system 412
also includes programmed instructions (e.g., a computer-
readable medium storing the instructions) to 1mplement
some or all of the methods described herein.

While control system 412 1s shown as a single block 1n the
simplified schematic of FIG. 1, the system may comprise a
number of data processing circuits with a portion of the
processing optionally being performed on or adjacent the
robotic assembly 402, a portion being performed at the
operator input system 406, and the like. The control system
24 and the sensor processing and control system 27 may be
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components of the control system. Any of a wide variety of
centralized or distributed data processing architectures may
be employed. Similarly, the programmed 1nstructions may
be mmplemented as a number of separate programs or
subroutines, or they may be integrated into a number of
other aspects of the robotic systems described herein. In one
embodiment, control system 412 supports wireless commu-
nication protocols such as Bluetooth, IrDA, HomeRF, IEEE
802.11, DECT, and Wireless Telemetry.

In some embodiments, control system 412 may include
one or more servo controllers to provide force and torque
teedback from the interventional instrument system 404 to
one or more corresponding servomotors for the operator
input system 406. The servo controller(s) may also transmit
signals 1nstructing robotic assembly 402 to move the inter-
ventional instruments 404 which extend into an internal
surgical site within the patient body via openings in the
body. Any suitable conventional or specialized servo con-
troller may be used. A servo controller may be separate from,
or integrated with, robotic assembly 402. In some embodi-
ment, the servo controller and robotic assembly are provided
as part of a robotic arm cart positioned adjacent to the
patient’s body.

The control system 412 may further include a virtual
visualization system to provide navigation assistance to the
interventional instruments 404. Virtual navigation using the
virtual visualization system 1s based upon reference to an
acquired dataset associated with the three dimensional struc-
ture of the anatomical passageways. More specifically, the
virtual visualization system processes 1mages of the surgical
site recorded and/or modeled using imaging technology such
as computerized tomography (CT), magnetic resonance
imaging (MRI), fluoroscopy, thermography, ultrasound,
optical coherence tomography (OCT), thermal i1maging,
impedance 1maging, laser imaging, nanotube X-ray imaging,
or the like. Software 1s used to convert the recorded 1mages
into a two dimensional or three dimensional model of a
partial or an entire anatomical organ or anatomical region.
The model describes the various locations and shapes of the
passageways and their connectivity. The images used to
generate the model may be recorded preoperatively or
intra-operatively during a clinical procedure. In an alterna-
tive embodiment, a virtual visualization system may use
standard models (1.e., not patient specific) or hybrids of a
standard model and patient specific data. The model and any
virtual 1mages generated by the model may represent the
static posture of a deformable anatomic region during one or
more phases ol motion (e.g., during an inspiration/expiration
cycle of a lung) or during induced anatomic motion (e.g.,
pattern repositioning or instrument-caused deformation).

During a virtual navigation procedure, the sensor system
408 may be used to compute an approximate location of the
instrument with respect to the patient anatomy. The location
can be used to produce both macro-level tracking images of
the patient anatomy and virtual internal images of the patient
anatomy. Various systems for using fiber optic sensors to
register and display an interventional implement together
with preoperatively avoided surgical images, such as those
from a virtual visualization system, are known. For example
U.S. patent application Ser. No. 13/107,562, filed May 13,
2011, disclosing. “Medical System Providing Dynamic Reg-
istration of a Model of an Anatomical Structure for Image-
Guided Surgery,” which 1s imncorporated by reference herein
in its entirety, discloses one such system.

The robotic interventional system 400 may further include
optional operation and support systems (not shown) such as
illumination systems, steering control systems, irrigation
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systems, and/or suction systems. In alternative embodi-
ments, the robotic system may include more than one robotic
assembly and/or more than one operator mnput system. The
exact number of manipulator assemblies will depend on the
surgical procedure and the space constraints within the
operating room, among other factors. The operator mput
systems may be collocated, or they may be positioned 1n
separate locations. Multiple operator mput systems allow
more than one operator to control one or more manipulator
assemblies 1n various combinations.

One or more elements 1n embodiments of the invention
may be implemented 1n software to execute on a processor
of a computer system such as control system 412. When
implemented 1n software, the elements of the embodiments
of the mvention are essentially the code segments to perform
the necessary tasks. The program or code segments can be
stored 1n a processor readable storage medium or device that
may have been downloaded by way of a computer data
signal embodied 1n a carrier wave over a transmission
medium or a communication link. The processor readable
storage device may include any medium that can store
information including an optical medium, semiconductor
medium, and magnetic medium. Processor readable storage
device examples include an electronic circuit; a semicon-
ductor device, a semiconductor memory device, a read only
memory (ROM), a tlash memory, an erasable programmable
read only memory (EPROM); a floppy diskette, a CD-ROM,
an optical disk, a hard disk, or other storage device. The code
segments may be downloaded via computer networks such
as the Internet, intranet, etc.

Note that the processes and displays presented may not
inherently be related to any particular computer or other
apparatus. The required structure for a variety of these
systems will appear as elements 1n the claims. In addition,
the embodiments of the ivention are not described with
reference to any particular programming language. It will be
appreciated that a variety of programming languages may be
used to implement the teachings of the invention as
described herein.

While certain exemplary embodiments of the mnvention
have been described and shown 1n the accompanying draw-
ings, 1t 1s to be understood that such embodiments are
merely 1llustrative of and not restrictive on the broad mven-
tion, and that the embodiments of the invention not be
limited to the specific constructions and arrangements
shown and described, since various other modifications may
occur to those ordinarily skilled in the art.

What 1s claimed 1s:

1. A method of operating a shape sensing apparatus, the
method comprising:

recerving lirst shape data from a first shape sensor section

including a first elongated optical fiber section extend-
ing between a first location coupled to a reference
fixture and a second location coupled to a first target
fixture;

recetving second shape data from a second shape sensor

section including a second elongated optical fiber sec-
tion extending between a third location coupled to the
reference fixture and a fourth location coupled to the
first target fixture, wherein the first location of the first
clongated optical fiber section and the third location of
the second elongated optical fiber section are main-
tamed m a first known kinematic relationship, and
wherein the second location of the first elongated
optical fiber section and the fourth location of the
second elongated optical fiber section are maintained 1n
a second known kinematic relationship; and
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determining a position of an end portion of the first shape
sensor section using the second shape data from the
second shape sensor section and using the first and
second known kinematic relationships.
2. The method of claim 1 wherein determining a position
of the end portion of the first shape sensor section includes
adjusting the second shape data based upon a distance
between the second and fourth locations.
3. The method of claim 1 wherein the first shape data 1s
a composite shape of the first elongated optical fiber section,
and wherein the second shape data 1s a composite shape of
the second elongated optical fiber section.
4. The method of claim 1, wherein the first target fixture
1s anchored to a first anatomical structure of a patient
anatomy.
5. The method of claim 1 wherein determining a position
of the end portion of the first shape sensor section includes
adjusting the second shape data based upon a distance
between the first and third locations.
6. The method of claim 5 further comprising:
receiving third shape data from a third shape sensor
section including a third elongated optical fiber section
coupled to the reference fixture at a fifth location; and

tracking movement of the third shape sensor section
relative to the end portion of the first shape sensor
section.
7. The method of claam 1 wherein a single elongated
optical fiber includes the first and second elongated optical
fiber sections arranged 1n series.
8. The method of claim 7 wherein the second and fourth
locations are co-located.
9. The method of claim 7 further comprising;:
receiving third shape data from the single elongated
optical fiber between the first and third locations,

wherein determining the position of the end portion of the
first shape sensor section includes determinming a shape
correction factor for the single elongated optical fiber
between the first and third locations.

10. The method of claim 1 wherein receirving the first
shape data comprises:

determining a first composite shape of a first set of optical

cores within the first shape sensor section;
determining a second composite shape of a second set of
optical cores within the first shape sensor section; and
merging the first composite shape and the second com-
posite shape to determine the first shape data.
11. The method of claim 10 wherein the first set of optical
cores and the second set of optical cores each include at least
three optical cores.
12. A method of operating a shape sensing apparatus, the
method comprising:
receiving first shape data from a first shape sensor having
a first portion coupled to a reference fixture and a
second portion coupled to a first target fixture;

receiving second shape data from a second shape sensor
having a third portion coupled to the reference fixture
and a fourth portion coupled to the first target fixture,
wherein the first portion of the first shape sensor and the
third portion of the second shape sensor are maintained
in a first known kinematic relationship and wherein the
second portion of the first shape sensor and the fourth
portion of the second shape sensor are maintained in a
second known kinematic relationship; and
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determiming a position of the second portion of the first
shape sensor using the second shape data from the
second shape sensor and using the first and second
known kinematic relationships.

13. The method of claim 12 wherein a length between the
first and second portions of the first shape sensor 1s different
from a length between the third and fourth portions of the
second shape sensor.

14. The method of claim 12 wheremn determining the
position of the second portion of the first shape sensor
includes determining a shape of the first shape sensor
between the first and second portions of the first shape
sensor and determining a shape of the second shape sensor
between the third and fourth portions of the second shape
SENSOr.

15. The method of claim 12 wherein the first shape sensor
has a fifth portion coupled to a second target fixture, the
method further comprising;

recetving third shape data from the first shape sensor

between the first and fifth portions.

16. The method of claim 12 further comprising:

recerving third shape data from a third shape sensor

having a fifth portion coupled to the reference fixture
and a sixth portion coupled to an interventional 1nstru-
ment; and

tracking the position of the interventional instrument

relative to the position of the second portion of the first
shape sensor coupled to the first target fixture.

17. The method of claim 12 wherein at least one of the
first and second shape sensors includes an elongated optical
fiber.

18. The method of claim 17 wherein the elongated optical
fiber includes at least three optical cores.

19. A system comprising;:

a processor; and

a memory having computer readable 1nstructions stored

thereon, the computer readable instructions, when
executed by the processor, cause the system to:
receive lirst shape data from a first shape sensor section
including a first elongated optical fiber section
extending between a first location coupled to a
reference fixture and a second location coupled to a
first target fixture;
receive second shape data from a second shape sensor
section including a second elongated optical fiber
section extending between a third location coupled to
the reference fixture and a fourth location coupled to
the first target {ixture, wherein the first location of the
first elongated optical fiber section and the third
location of the second elongated optical fiber section
are maintained 1n a first known kinematic relation-
ship, and wherein the second location of the first
clongated optical fiber section and the fourth location

of the second elongated optical fiber section are
maintained in a second known kinematic relation-
ship; and
determine a position of an end portion of the first shape
sensor section using the second shape data from the second
shape sensor section and using the first and second known
kinematic relationships.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 11,266,466 B2 Page 1 of 1
APPLICATION NO. : 14/908386

DATED : March 8, 2022

INVENTOR(S) : David Q. Larkin and Vincent Duindam

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

Column 2, Line 40 - “first” should read --third--

Column 2, Line 42 - *“...portion at ltve” should read --...portion at the--
Column 2, Line 64 - “tront” should read --from--

Column 3, Line 60 - “relational” should read --rotational--

Column 4, Line 16 - “light” should read --tight--

Column 35, Line 47 - “oft’ should read --of--

Column 5, Line 52 - “filler” should read --fiber--

Column 6, Line 4 - “entirely” should read --entirety--

Column 6, Line 50 - “those” should read --these--

Column 6, Line 60 - “shape, the use...” should read --shape. The use...--
Column 8, Line 32 - “field” should read --held--

Column 8, Line 38 - “censor” should read --sensor--

Column 8, Line 61 - ““at” should be deleted

Column 8, Line 63 - “larger” should read --target--

Column 9, Line 34 - “senior” should read --sensor--

Column 9, Line 37 - *“tins” should read --this--

Column 13, Line 35 - *“location” should read --locations--

Column 13, Line 47 - *...sensor device, for...” should read --...sensor device. For...--
Column 14, Line 39 - *“1t” should read --a--

Column 15, Line 32 - “file” should read --the--

Column 135, Line 50 - “positional” should read --positioned--

Column 17, Lines 21 and 22 - “embodiment” should read --embodiments--
Column 17, Line 50 - “pattern” should read --patient--

Column 17, Line 58 - *“avoided” should read --recorded--

In the Claims

Column 19, Claim 2, Line & - ““second and fourth” should read --first and third--
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Ninth Day of 22

Katherine Kelly Vidal
Director of the United States Patent and Trademark Office
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